1. Introduction {#sec1-micromachines-10-00808}
===============

Droplet-based microfluidics entails microdevices that produce and manipulate discrete segments of one fluid within a second immiscible carrier fluid (e.g., water-in-oil droplet emulsion) \[[@B1-micromachines-10-00808]\]. This technology generates a large number of monodisperse droplets (typically in the range of tens to hundreds of micrometers) within a short period of time \[[@B2-micromachines-10-00808]\]. Each droplet has femto-, pico-, or nano-liter aqueous volume functions as an independent bioreactor, and these droplets can be individually transported, mixed, and analyzed, where massive processing and experimentation can be carried out simultaneously \[[@B3-micromachines-10-00808],[@B4-micromachines-10-00808]\]. In addition, the droplet-based microfluidics can provide encapsulation of a single cell within a droplet, which allows for high-throughput single cell screening and analysis capabilities \[[@B5-micromachines-10-00808],[@B6-micromachines-10-00808]\]. The droplet-based microfluidic systems have been successfully utilized in a variety of applications, such as single cell analysis/screening \[[@B7-micromachines-10-00808],[@B8-micromachines-10-00808],[@B9-micromachines-10-00808]\], protein crystallization \[[@B10-micromachines-10-00808]\], polymer chain reaction (PCR) \[[@B11-micromachines-10-00808]\], drug discovery \[[@B12-micromachines-10-00808],[@B13-micromachines-10-00808],[@B14-micromachines-10-00808]\], and microorganism reactions \[[@B15-micromachines-10-00808],[@B16-micromachines-10-00808]\] to name a few. For all of these applications, producing droplets with controlled sizes as well as at controlled generation rates are key factors to obtain consistent and robust results.

There are three commonly used microfluidic droplet generation methods: a T-junction channel configuration, a flow-focusing configuration \[[@B17-micromachines-10-00808]\], and immiscible fluid interfusion by the orifice \[[@B18-micromachines-10-00808],[@B19-micromachines-10-00808]\]. The T-junction configuration utilizes the shear force imposed by an immiscible flow fluid to generate droplets at the intersection of two perpendicularly positioned microchannels \[[@B20-micromachines-10-00808],[@B21-micromachines-10-00808],[@B22-micromachines-10-00808]\]. This method has been used more frequently than others due to its simple design and easy operation. In the T-junction configuration, the size as well as the generation rate of droplets are influenced by many parameters, such as dimension and surface property (hydrophilicity or hydrophobicity) of the microchannels, flow rate, use of surfactants, and viscosity of the fluids \[[@B23-micromachines-10-00808],[@B24-micromachines-10-00808]\]. Among these factors, viscosity of the fluids, particularly one for the continuous phase (i.e., carrier oil), is one of the dominant parameters since the viscosity is highly related to capillary number that affects the droplet break-up \[[@B25-micromachines-10-00808]\]. In addition, the shear force provided by the continuous phase is also highly related to its viscosity. Higher viscosity helps to break and create the disperse phase more easily \[[@B26-micromachines-10-00808]\].

In the formation of water-in-oil (W/O) emulsion droplets, the continuous phase carrier oil commonly consists of oils or water-immiscible organic solvents, which tends to be more viscous than water \[[@B27-micromachines-10-00808]\]. Although the viscosity of the continuous phase is very important in the droplet generation, its effect has not yet been well studied. The purpose of this research is to investigate the effect of different oil viscosities, 5 cSt (4.3 mPa∙s), 7 cSt (6.0 mPa∙s), 10 cSt (8.6 mPa∙s), and 15 cSt (12.9 mPa∙s), on the droplet formation such as droplet size and generation rate for T-junction microfluidic droplet generators.

2. Materials and Methods {#sec2-micromachines-10-00808}
========================

2.1. Design and Fabrication {#sec2dot1-micromachines-10-00808}
---------------------------

The microfluidic device (channel height: 33 μm) used for all experiments is composed of a T-junction droplet generator and a droplet collection chamber ([Figure 1](#micromachines-10-00808-f001){ref-type="fig"}). In the T-junction droplet generator, the widths of the continuous phase (oil) and the dispersed phase (water) microchannels were designed to be 50 and 20 μm, respectively. All of the generated droplets were stored in the downstream collection chamber to characterize the droplet size as well as the generation rate.

The microfluidic device was fabricated in poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow Corning, Midland, MI, USA) using a soft-lithography technique. First, the master mold for replicating the PDMS microfluidic device was prepared by a conventional photolithography process. A 3-inch silicon wafer was spin-coated with a negative photoresist (SU-8^TM^ 2025, Microchem Corp. Westborough, MA, USA at 2100 rpm for 30 s, then soft baked at 65 °C for 5 min, followed by additional baking at 95 °C for 15 min. The device pattern was transferred to the photoresist layer using a mask aligner (MA6, SUSS MicroTec, Garching, Germany), followed by a post-exposure bake process at 65 °C for 5 min with an additional 15 min at 95 °C. Area not exposed to UV light was removed in SU-8^TM^ developer for 2 min, and finally a SU-8^TM^ master having 33-µm-thick structures was obtained. The PDMS layer was replicated from the master by cast molding PDMS pre-polymer (10:1 mixture) for 1 h at 80 °C. Replicated PDMS layer was then treated with oxygen plasma (PDC 002, Harrick Plasma, Ithaca, NY, USA) and was permanently bonded to a glass slide ([Figure 2](#micromachines-10-00808-f002){ref-type="fig"}A). After the assembly, the PDMS microchannel surfaces were coated with Aquapel^®^ (PPG Industries, Inc., Pittsburgh, PA, USA) to make them hydrophobic.

2.2. Droplet Generation {#sec2dot2-micromachines-10-00808}
-----------------------

Instead of typical syringe pumps, a pressure-controlled pump (OB1, Elveflow, Paris, France) was used in this study to deliver both the continuous phase (i.e., oil) and the dispersed phase (i.e., water) at a constant flow. Compared to syringe pumps, pressure-controlled pumps can provide more stable and pulseless flow, handle much larger volume (up to several liters), and make it easier for the systems to be integrated with other microfluidic components as well as to build compact platforms \[[@B28-micromachines-10-00808]\]. Deionized water with red color dye and mineral oil (Zhanhong Chemical Industry, Guangzhou, China) mixed with a surfactant (Span-80, 7.5 g/L, Sigma-Aldrich, St. Louis, MI, USA) were used as the dispersed and continuous phase, respectively. Four different viscosities (5, 7, 10 and 15 cSt) of the mineral oils were tested to investigate how the different viscosities of the continuous phase affects droplet size and droplet generation rate in water-in-oil emulsion. The ratio of flow pressure between the water and the oil was set to 3:4 for all experiments conducted in this study because this ratio showed the most stable droplet generation regardless of the tested oil viscosity. Five different pressure levels tested for the droplet generation were 30:40, 60:80, 90:120, 120:160, and 150:200 mbar (P~W~:P~O~). The experimental setup is shown in [Figure 2](#micromachines-10-00808-f002){ref-type="fig"}B.

2.3. Data Analysis {#sec2dot3-micromachines-10-00808}
------------------

To characterize the droplet generation rate and droplet size, the droplet generation of all experiments were recorded using a stereomicroscope (NSZ608T, Jiangnan, Nanjing, China). The droplet generation rate was measured by counting the number of droplets created for each experimental condition. The droplet size was analyzed by measuring the diameters of the droplets (ImageJ, NIH, Bethesda, MD, USA) from the images captured from the recorded videos. The data shown in the manuscript are representative results from at least three independent experiments (*n* ≥ 3).

Relative oil flow rate among different viscosity mineral oils was calculated based on Poiseuille's Law (Equation (1)), which shows that volumetric flow rate (Q) is inversely proportional to the liquid viscosity \[[@B29-micromachines-10-00808]\]. Volumetric flow rate of 15 cSt mineral oil flown at 30 mbar was used as a reference (i.e., relative flow rate = 1), and all other calculated volumetric flow rates were normalized based on that of the reference.
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3. Results and Discussion {#sec3-micromachines-10-00808}
=========================

3.1. Effect of the Continuous Phase Viscosity on Droplet Sizes {#sec3dot1-micromachines-10-00808}
--------------------------------------------------------------

First, in order to examine how the oil viscosity difference affects the droplet size, the diameters of droplets created from all different oil viscosity and flow pressure conditions were measured and compared; all measurement results are summarized in [Table 1](#micromachines-10-00808-t001){ref-type="table"}. As can be seen in [Figure 3](#micromachines-10-00808-f003){ref-type="fig"}A,B, the droplet size decreased as the oil viscosity increased. For instance, the average droplet size reduced from 37.1 to 33.4 (10.0% decrease), 31.0 (16.4% decrease), and 28.9 μm (22.1% decrease) as the viscosity changed from 5 to 7, 10, and 15 cSt at the flow pressure of 90:120 mbar (P~W~:P~O~), respectively. The declining trend of the droplet size displayed similar profiles over the increasing oil viscosity (10 ± 0.3% (7 cSt), 17 ± 1.1% (10 cSt), and 23 ± 2.0% (15 cSt) compared to 5 cSt) at all flow pressure conditions, except for the flow pressure of 30:40 mbar, where the average size decreased 17% (7 cSt), 25% (10 cSt), and 32% (15 cSt) against 5 cSt.

In addition, the effect of the different flow pressure levels on the droplet sizes was analyzed. As illustrated in [Figure 3](#micromachines-10-00808-f003){ref-type="fig"}C, as the flow pressure became higher, the average droplet sizes for all different oil viscosity conditions dropped. This result is consistent with a previous study where the volume of droplets decreased with an increase in the carrier fluid flow rate (i.e., the capillary number increased) \[[@B30-micromachines-10-00808]\]. The change was the most significant when the flow pressure changed from 30:40 to 60:80 mbar (P~W~:P~O~) with approximately 36%, 31%, 30%, and 30% decreases in average droplet size for 5, 7, 10, and 15 cSt, respectively.

3.2. Effect of the Continuous Phase Viscosity on Droplet Generation Rates {#sec3dot2-micromachines-10-00808}
-------------------------------------------------------------------------

We also analyzed the effect of the oil viscosity on the droplet generation rate. As shown in [Figure 4](#micromachines-10-00808-f004){ref-type="fig"}A,B, the number of droplets generated per unit time decreased as more viscous oil was used under all tested flow pressure conditions, where strong linear correlations were observed (R^2^ \> 0.99 for all flow pressure conditions). For example, at a flow pressure level of 90:120 mbar (P~W~:P~O~), the droplet generation rate reduced from 239 to 215 (10% decrease), 182 (31% decrease), and 149 (38% decrease) droplets/min, when the oil viscosity changed from 5 to 7, 10, and 15 cSt, respectively (R^2^ = 0.9949, [Figure 4](#micromachines-10-00808-f004){ref-type="fig"}B). Similar trends were observed from all other flow pressure levels ([Table 2](#micromachines-10-00808-t002){ref-type="table"}). This result indicates that the viscosity of the continuous phase is one of the dominant factors in the droplet generation, which affects the droplet generation rate independent of the flow pressures.

The droplet generation rate is also dependent on the flow rates of both oil and water solutions. As different flow pressure levels can change the flow rates of each solution, the effect of various pressure levels on the droplet generation rates was investigated. Larger flow pressure levels, in other words, higher fluid flow of both solutions, resulted in increase of the droplet generation rates. In fact, exponential correlations were found between the droplet generation rates and the applied flow pressures ([Figure 4](#micromachines-10-00808-f004){ref-type="fig"}C). When the flow pressure levels of water and oil changed from 30:40 mbar to 150:200 mbar for 5 cSt oil, the droplet generation rates increased from 76 droplets/min to 581 droplets/min (R^2^ = 0.9868). Except for the 15 cSt oil, where the droplet generation rate increased only 6.8-fold when flow pressure changed from 30:40 mbar to 15:200 mbar (P~W~:P~O~), the droplet generation rate for all other viscosities increased approximately 7.6-fold from the same flow pressure change.

One interesting phenomenon observed from this characterization is that both the droplet size and the droplet generation rate decreased as the oil viscosity increased at a fixed flow pressure level ([Table 1](#micromachines-10-00808-t001){ref-type="table"} and [Table 2](#micromachines-10-00808-t002){ref-type="table"}). Typically, in the droplet generation, generation rates are inversely correlated to the droplet sizes. However, in our characterization, both the droplet generation rate and the droplet size showed a positive correlation, where both values either increased or decreased simultaneously. This would be mainly due to the use of pressure-controlled pumps instead of syringe pumps for controlling both the oil and the water flow. Unlike syringe pumps, which can provide constant flow rates regardless of the carrier solution properties, the pressure-controlled pump provides constant input pressure, where resulting flow rates can be different depending on the viscosity of the carrier solution. In other words, even at the same flow pressure condition, the flow rates of oil can be different depending on its viscosity ([Figure 4](#micromachines-10-00808-f004){ref-type="fig"}D). For example, at the flow pressure of 30:40 mbar (P~W~:P~O~), the relative flow rates of 10, 7, and 5 cSt were 1.5, 2.2, and 3.1 times faster, respectively, than that of 15 cSt oil. We believe this is the main reason for our results showing both the droplet generation rates and the droplet size decrease as the oil viscosity increases at a fixed flow pressure level.

4. Conclusions {#sec4-micromachines-10-00808}
==============

We have investigated the effect of carrier fluid viscosity on droplet generation rate and droplet size in a T-junction microfluidic droplet generator. Mineral oils of four different viscosities (i.e., 5, 7, 10, and 15 cSt) was tested at five different flow pressure levels. The results showed that both the droplet size and the droplet generation rate decrease as higher viscosity carrier oil is used for T-junction droplet generator. For example, sizes of the droplet are often controlled by changing the flow rates or ratio between the carrier oil and water but the adjustment range is rather limited since the size of the droplet is more dependent on the microfluidic structural dimensions. However, our results show that droplet sizes can be adjusted in a broader range by just changing the oil viscosity without having to redesign and fabricate a new chip. Considering that the viscosity of the carrier fluid is an important parameter in determining the droplet generation rate as well as the droplet size and that it has not yet been well investigated how the viscosity affects the droplet generation, we believe our work can provide meaningful references for those utilizing microfluidic droplet technologies.
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![A schematic illustration of the microfluidic device that consists of a T-junction droplet generator and a droplet collection chamber. Inset shows the working principle of the T-junction droplet generation.](micromachines-10-00808-g001){#micromachines-10-00808-f001}

![(**A**) The fabrication process of the microfluidic device. (**B**) A photograph of the experimental setup.](micromachines-10-00808-g002){#micromachines-10-00808-f002}

![Effect of the oil viscosity on the generated droplet size. (**A**) Captured images showing the droplet formation with different sizes under various oil viscosity and flow pressure conditions (scale bars = 50 μm). (**B**,**C**) Analysis of the average droplet sizes by different viscosity and flow pressure conditions.](micromachines-10-00808-g003){#micromachines-10-00808-f003}

![Effect of the oil viscosity on droplet generation rate. (**A**) Captured images showing different droplet generation rates under different oil viscosity and flow pressure conditions (scale bar = 100 μm). (**B**,**C**) Analysis of the droplet generation rate change by different viscosity and flow pressure levels. (**D**) Relative flow rates of the oils under all different viscosity and flow pressure conditions.](micromachines-10-00808-g004){#micromachines-10-00808-f004}

micromachines-10-00808-t001_Table 1

###### 

Average diameter of droplets with different oil viscosity and flow pressure (μm).

  P~W~:P~O~ (mbar)   5 cSt        7 cSt        10 cSt       15 cSt
  ------------------ ------------ ------------ ------------ ------------
  30:40              68.3 ± 2.0   57.0 ± 1.7   51.0 ± 1.7   46.3 ± 1.8
  60:80              43.6 ± 2.1   39.5 ± 1.8   35.5 ± 1.7   32.2 ± 0.9
  90:120             37.1 ± 1.8   33.4 ± 2.0   31.0 ± 1.0   28.9 ± 0.9
  120:160            34.0 ± 1.9   30.7 ± 0.9   28.1 ± 1.0   26.0 ± 1.1
  150:200            32.1 ± 1.0   29.1 ± 1.1   26.9 ± 1.1   25.1 ± 1.3

micromachines-10-00808-t002_Table 2

###### 

Average droplet generation rate with different oil viscosity and flow pressure (droplets/min).

  P~W~:P~O~ (mbar)   5 cSt      7 cSt      10 cSt     15 cSt
  ------------------ ---------- ---------- ---------- ---------
  30:40              76 ± 1     66 ± 1     54 ± 1     45 ± 0
  60:80              157 ± 0    126 ± 2    107 ± 3    93 ± 2
  90:120             239 ± 8    215 ± 6    182 ± 6    149 ± 1
  120:160            375 ± 3    334 ± 6    283 ± 3    223 ± 3
  150:200            581 ± 12   499 ± 12   411 ± 12   305 ± 8
